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DC link voltage by control approach according to an embodiment of the
present invention

FIG. 10A
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CONVERTER CONTROL OF
VARIABLE-SPEED WIND TURBINES

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims benefit of and prionty to U.S. pro-
visional patent application Ser. No. 60/916,007, filed May 4,
2007, which 1s fully incorporated herein by reference and
made a part hereof.

BACKGROUND

1. Field of the Invention

This mvention relates generally to control systems and
more specifically to converter control of variable-speed wind
turbines.

2. Background

Wind power 1s today’s most rapidly growing renewable
energy source. Large-scale wind generation facilities have
become a very visible component of the interconnected
power grid in many portions of the United States and around
the world. Wind turbines can operate at either fixed speed or
variable speed. For a fixed-speed wind turbine, the generator
1s directly connected to the electrical grid. For a variable
speed wind turbine, the generator i1s controlled by power
clectronic equipment. The two most-common variable speed
wind turbines are wind turbines that use direct-driven syn-
chronous generators (DDSG) or double-fed induction gen-
erators (DFIG). For both of them, a frequency converter such
as a pulse-width modulation (PWM) AC/DC/AC frequency
converter 1s connected between the grid and the generator.
FIG. 1A illustrates an embodiment of an AC/DC/AC con-
verter in modern variable-speed synchronous generator wind
turbine, and FIG. 1B illustrates an embodiment of an AC/DC/
AC converter 1n variable-speed DFIG wind turbine. For a
DDSG wind turbine, the converter 1s connected between the
generator and the grid, as shown 1n FIG. 1A, and for the DFIG
wind turbine, the converter 1s connected between the rotor
circuit and the grid, as shown 1n FIG. 1B.

A doubly-fed induction generator i1s a standard, wound
rotor induction machine with 1ts stator windings directly con-
nected to the grid and 1ts rotor windings connected to the grid
through an AC/DC/AC frequency converter (FIG. 1B). In
modern DFIG designs, the frequency converter 1s comprised
of two self-commutated PWM converters, a machine-side
converter and a grid-side converter, with an intermediate DC
voltage link. The converter connected to the induction rotor
circuit 1s the machine-side converter, and the converter con-
nected to the grid 1s the grid-side converter. Traditionally,
cach of these two PWM converters 1s controlled by using
decoupled d-q control approaches, as are known 1n the art.
Basically, the machine-side converter controls the real and
reactive power production of the induction machine, and the
grid-side converter controls the dc-link voltage and the reac-
tive power absorbed from the grid by the converter. The
general control technique for the grid-side converter control,
which 1s widely used in wind power industry, 1s a decoupled
d-q control approach that uses the direct (d) axis current
component for real power control and quadrature (q) axis
current component for reactive power control. By controlling
the converters on both sides, the DFIG characteristics can be
adjusted so as to achieve maximum of eflective power con-
version or capturing capability for a wind turbine and to
control 1ts power generation with less fluctuation. However,
to meet these needs, the grid-side converter should be con-
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trolled 1n such a way to maintain a constant DC-link capacitor
voltage and to keep the converter operation at a desired power
factor.

Therefore, what 1s desired are control systems and methods

that overcome challenges present in the art, some of which are
described above.

SUMMARY OF THE INVENTION

Embodiments according to the present invention provide
methods and a system for a control approach that effectively
maintains the DC link voltage at a constant set value under
variable system conditions and keeps the converter operating
within an optimal power factor range.

Additional advantages of the invention will be set forth 1n
part 1n the description which follows, and 1 part will be
obvious from the description, or may be learned by practice of
the invention. The advantages of the invention will be realized
and attained by means of the elements and combinations
particularly pointed out 1n the appended inventive concepts. It
1s to be understood that both the foregoing general description
and the following detailed description are exemplary and
explanatory only and are not restrictive of the imvention, as
claimed.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, not drawn to scale, which are
incorporated 1n and constitute a part of this specification,
illustrate embodiment(s) of the mvention and together with
the description, serve to explain the principles of the mnven-
tion:

FIG. 1A 1illustrates an embodiment of a variable-speed
synchronous generator wind turbine;

FIG. 1B illustrates an embodiment of a variable-speed
doubly-fed induction generator wind turbine;

FIG. 2 1llustrates an embodiment of a grid-side converter
controller 1n variable-speed wind turbine generators;

FIG. 3 illustrates an embodiment of a grid-side converter
controller in variable-speed wind turbine generators accord-
ing to the present invention;

FIG. 4 1illustrates an exemplary grid-side converter sche-
matic;

FIG. S illustrates an embodiment of a d-q vector control
structure for grid-side converter controller 1n variable-speed
wind turbine generators;

FIG. 6 1llustrates an embodiment of a grid-side converter
average model representation and equivalent circuit;

FIG. 7A 1llustrates an embodiment of a grid-side converter
real power characteristics according to an embodiment of the
present invention;

FIG. 7B illustrates an embodiment of a grid-side converter
reactive power characteristics according to an embodiment of
the present invention;

FIG. 7C illustrates an embodiment of amplitude of injected
voltage to the grid by a grid-side converter according to an
embodiment of the present invention;

FIG. 8 illustrates an embodiment of a grid-side converter
control system according to an embodiment of the present
invention;

FI1G. 9 1llustrates an embodiment of an integrated machine-
and grid-side converter Simulink simulation system with con-
trols according to an embodiment of the present invention;

FIGS. 10A-10D 1llustrate performance comparisons of DC
link voltage control and reactive power between conventional
control approaches and an embodiment of a control approach
according to the present ivention;



US 8,577,508 B2

3

FIGS. 11A and 11B 1llustrate simulated real and reactive
power characteristics 1n an embodiment according to the

present invention;

FIGS. 12A and 12B illustrate simulated real and reactive
power characteristics 1n an embodiment according to the
present invention;

FIGS. 13A and 13B illustrate simulated real and reactive
power characteristics 1n an embodiment according to the
present invention;

FIGS. 14A and 14B 1llustrate simulated real and reactive
power characteristics 1n an embodiment according to the
present invention;

FIG. 15A 1s an exemplary computing device that can be
used to practice aspects of the preferred embodiment; and

FIG. 15B 1s an alternative embodiment of a processing
system of that shown 1n FIG. 1A that may be used 1n embodi-
ments according to the present invention.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

The present invention may be understood more readily by
reference to the following detailed description of preferred
embodiments of the mvention and the Examples included
therein and to the Figures and their previous and following
description.

As used 1n the specification and the appended claims, the
singular forms “a,” “an” and “the” include plural referents
unless the context clearly dictates otherwise. Thus, for
example, reference to “a” or “an” endpoint device may
include two or more endpoint devices.

Ranges may be expressed herein as from “about” one par-
ticular value, and/or to “about” another particular value.
When such a range 1s expressed, another embodiment
includes from the one particular value and/or to the other
particular value. Similarly, when values are expressed as
approximations, by use of the antecedent “about,” 1t will be
understood that the particular value forms another embodi-
ment. It will be further understood that the endpoints of each
of the ranges are significant both in relation to the other
endpoint, and independently of the other endpoint.

In this specification and 1n the claims which follow, refer-
ence will be made to a number of terms which shall be defined
to have the following meanings: “Optional” or “optionally™
means that the subsequently described event or circumstance
may or may not occur, and that the description includes
instances where said event or circumstance occurs and
instances where 1t does not.

Reference will now be made in detail to the present
embodiments according to the mnvention, examples of which
are 1llustrated 1n the accompanying drawings. Wherever pos-
sible, the same reference numbers are used throughout the
drawings to refer to the same or like parts.

As will be appreciated by one skilled in the art, the pre-
terred embodiment or aspects of the preferred embodiment
may be implemented as a method, a data processing system,
or a computer program product. Accordingly, the preferred
embodiment may take the form of an entirely hardware
embodiment, an enfirely software embodiment, or an
embodiment combining software and hardware aspects. Fur-
thermore, implementations of the preferred embodiment or
aspects of the preferred embodiment may take the form of a
computer program product on a computer-readable storage
medium having computer-readable program instructions
(e.g., computer soitware) embodied in the storage medium.
More particularly, implementations of the preferred embodi-

ments may take the form of web-implemented computer soft-
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ware. Any suitable computer-readable storage medium may
be utilized including hard disks, CD-ROMs, optical storage
devices, magnetic storage devices, etc.

The preferred embodiments according to the present inven-
tion are described below with reference to block diagrams and
flowchart illustrations of methods, apparatuses (1.e., systems)
and computer program products according to embodiments
of the mvention. It will be understood that each block of the
block diagrams and flowchart illustrations, and combinations
of blocks 1n the block diagrams and flowchart 1llustrations,
respectively, can be implemented by computer program
instructions. These computer program instructions may be
loaded onto a general purpose computer, special purpose
computer, or other programmable data processing apparatus,
such as the ones described below, to produce a machine, such
that the 1nstructions which execute on the computer or other
programmable data processing apparatus create a means for
implementing the functions specified 1n the flowchart block
or blocks.

These computer program instructions may also be stored 1n
a computer-readable memory that can direct a computer or
other programmable data processing apparatus to function 1n
a particular manner, such that the instructions stored 1n the
computer-readable memory produce an article of manufac-
ture including computer-readable instructions for implement-
ing the function specified in the flowchart block or blocks.
The computer program instructions may also be loaded onto
a computer or other programmable data processing apparatus
to cause a series of operational steps to be performed on the
computer or other programmable apparatus to produce a
computer-implemented process such that the instructions that
execute on the computer or other programmable apparatus
provide steps for implementing the functions specified in the
flowchart block or blocks.

Accordingly, blocks of the block diagrams and flowchart
illustrations support combinations of means for performing
the specified functions, combinations of steps for performing
the specified functions and program instruction means for
performing the specified functions. It will also be understood
that each block of the block diagrams and flowchart 1llustra-
tions, and combinations of blocks in the block diagrams and
flowchart illustrations, can be implemented by special pur-
pose hardware-based computer systems that perform the
specified functions or steps, or combinations of special pur-
pose hardware and computer instructions.

Present technology for controlling a grid-side PWM con-
verter 1s generally a two-stage controller operating 1n a grid
AC voltage reference frame as shown by FIG. 2. When using
the grid AC voltage as the reference frame, the d-axis current
represents the active component, and the g-axis current rep-
resents the reactive component. The d and g components are
used to regulate converter DC link voltage and reactive
power, respectively, through a voltage-regulated PWM con-
verter scheme in modern variable speed wind turbine designs.
The d-q voltage control signals 1n the grid-side controller are
obtained by comparing the d- and g-current set points to the
actual d- and g-currents to the gnd as shown 1n the second
stage controller in FIG. 2, and are the final control actions
actually applied to the grid-side converter. Present technol-
ogy uses d-axis voltage, V _ , for DC link voltage control, and
q-axis voltage, V__, for reactive power control (reference FIG.
2). The control of the grid-side converter 1s important because
if the control goals of the grid-side converter cannot be met,
all other control objectives will be affected 1n a variable speed
wind turbine. It can also atffect both wind turbine and electric
power system operation and stability.
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In many instances, present technology for controlling the
orid-side PWM converter 1s ineffective 1n maintaining con-
stant DC link voltage and 1n compensating reactive power.
Theretore, described herein, are embodiments of control

principles derived through theoretical study and computer
simulation, and embodiments of control systems developed
based on the concepts of fuzzy, adaptive, and PID control to
implement the newly developed control principle. Among the

many advantages ol embodiments according to the invention

.

are: 1) maintaining constant DC link voltage effectively; 2)
improving maximum power capture capability of variable-
speed wind turbines; 3) enhancing wind turbine efficiency; 4)
avolding problems and deficiencies existing in current grid-

side converter control technology used 1n variable-speed

wind turbines; 5) improving effective coordination and inte-
gration of different wind turbine generator components; and
6) improving electric power system stability and reliability.
Other techmical characteristics of embodiments of the
invention over present technology include 1) unlike tradi-

tional d-q vector control strategy that uses d-axis voltage, V _ .

cqs 10T

reactive power control (FIG. 2), embodiments of this mven-
tion use gq-axis voltage, V__, for DC link voltage control, and
d-axis voltage, V_, for reactive power control (FIG. 3); 2)
traditional d-q vector control approach requires mathematical
models for the converter, the grid system, and the DC link
capacitor, which are usually inaccurate for a practical system,
however embodiments of this invention develop an error
driven and modification approach for the controller design of
the grid-side converter and do not require mathematical mod-
els for those system components; 3) traditional approaches
require a lot of signals through sensors for the grid-side con-
verter control, but embodiments of this invention require only
two signals to be collected for the control objectives (they
include 1) DC link voltage, and 11) reactive power absorbed
from the grid by the combined grid-side converter and grid
filter); 4) traditional approaches use PID control technology,
but embodiments of this invention use technologies and con-
cepts mvolving 1) fuzzy control, 1) adaptive control, and 111)
conventional PID control; 3) traditional approaches do not
clfectively consider the restriction of converter operating
characteristics to controller design, but embodiments of this
invention consider those etflects in designing the new control
technique; and 6) embodiments of this mvention provide
means to overcome several challenges of traditional converter
control technology, including robustness, stability, perfor-
mance, and adaptability to widely varying system conditions.
Conventional PWM Grid-Side Converter Control

The conventional control mechanism for PWM grid-side
converter control 1s based upon the decoupled d-q vector
control concept [10-15]. A typical and comprehensive discus-
sion about the grid-side converter control, both analytically
and experimentally, was given by Pena, Clare, and Asher 1n
1996 [12]. In their paper, a decoupled d-q vector-control
approach 1s used, with the d-q reference frame oriented along
the stator (or supply) voltage vector position.

FI1G. 4 shows a fundamental schematic of an embodiment
ol a grid-side converter [12]. In the figure, a DC-link capacitor
1s on the left and a three-phase grid voltage 1s on the right. The
voltage balance across the inductors 1s:

for DC link voltage control, and g-axis voltage, V
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(1)

+L— |1 |+
dr _b

where L and R are the line inductance and resistance of the
transformer or the grid filter. When transforming (1) to the d-q
reference frame that has the same speed as that of the gnd
voltage, (1) becomes (2) where w_ 1s the angular frequency of
the grid voltage.

Vg g ] dliad =i (2)
_ |+ w L +
Vg | g dr| ig | g

In the d-q reference frame, the active and reactive power
absorbed from the grid in per unit 1s

P=v v, i,

(3)

Aligning the d-axis of the reference frame along the stator-
voltage position, v 1s zero, and, since the amplitude of the
supply voltage 1s constant, v, 1s constant. Theretore, the
active and reactive power will be proportional to 1, and 1_,
respectively. This 1s the conventional foundation for the
decoupled d-q controls [10-15], where the grid-side converter
1s current regulated, with the direct axis current used to regu-
late the DC-link voltage and the quadrature axis current com-
ponent 1s used to regulate the reactive power.

The strategy for the conventional decoupled d-q control of
the grid-side converter 1s 1llustrated in FIG. 5 [12]. When the
d-q reference frame has the same speed as that of the gnid
voltage, O0_=m t1n FIG. 5. The transter function for the current
control loops 1s obtained from (2) and 1s given 1n (4) 1n Pena’s
study [12]. This transfer function could be different depend-
ing on how the controller 1s designed [23]. The d and g
reference voltages, v, * and v_,*, are computed from the

gl >
error signals of the d and g currents, respectively, as shown 1n

FIG. 5 and (4) and (5). The o and {3 reference voltages, V_,, *
and Vg, ¥, are obtained from the d-q reference voltages, cor-
respondingly, through a vector rotation of ¢“*. The two « and
3 voltages together are then used to generate the three-phase
sinusoidal reference voltage signal for control of the grid-side
PWM converter [22]. Note that this control configuration
actually intends to control the real and reactive powers
through the decoupled d and g reference voltages, respec-
tively.

Q:vgz' q—vdz' g

vi(s) v (s) (4)
D(s) = a®) _ Ve LR

ig(s)  Ig(s)
Vi = =V + wsLiy + vy, (3)
Vo = —v; — wlLiy

Power Relationships of a Grid-Side Converter with d and g
Control Voltages

As shown above, the control of the grid-side converter
depends on the d and q reference voltages, v, * and v_, *, that
are obtained from the error signals of the d and q currents as
shown 1n FIG. 5 and equation (35). The combined d and q
reference voltages affect the converter output phasor voltage,
V. ., on the grid side by varying its amplitude and delay
angle [22]. This converter-injected voltage 1s linearly propor-
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tion to the three-phase sinusoidal drive signal 1n normal con-
verter linear modulation mode. Thus, from the grid point of
view, an equivalent circuit can be obtained 1n FIG. 6 in which
the converter injects a 3-phase voltage into the grid depending
on the d-q controls. Normally, the grid-side converter needs to
be controlled 1n such a way as to maintain a constant dc-link
voltage, which requires that the real power output from one
converter (machine/grid side converter) equals the power
entered 1n another converter (grid/machine side converter)
when assuming no loss in the PWM converters.

Referring to FIG. 6 and assuming there 1s no line resistance
and V_,,,=V_+V ., where V_, and V__, proportional to d

and q reference voltages (v,* and v _,*), are the d and ¢
component voltages of the converter voltage injected mto the
orid side 1n the grid d-q voltage reference frame. Then, the
current tlowing between the grid and the converter can be
obtained by

(6)

in which V _ 1s the grid phasor voltage, V__,  1s the converter
terminal phasor voltage, with V__  leading V_ defined as
positive, and X, stands for the line reactance.

If a passive polarity convention 1s applied to the grid-side
converter, 1.e., power tlowing into the converter as positive,
then the relationship between the power absorbed from the
orid and the converter injected voltage, containing both d and

q voltage components, can be achieved from the fundamental

complex power relationship, 1.e., P_+j QSZVST * . By solving
this power equation together with (6), (7) and (8) are
obtained,

V2 Veon ViV (7)
= — ( 5111((5)) = —
X\ Vs XL
Vsz (1 conv 5 ) Vs v v (8)
Qs — X_L - Vs C'DS( ) — X_L( 5 t:d)

inwhichV__  1sthe per-unit converter injected voltage on the
orid side; V _ 1s the per-unit voltage of the grid, and 0 repre-
sents the angle between the grid phasor voltage, V _, and the
converter terminal phasor voltage, V _._ . It 1s to be noted that
when neglecting line resistance, real and reactive powers,
according to (7) and (8), are actually controlled through the q
and d components of the reference voltages, respectively,
which contlicts with FIG. 4 and (5). In other words, (7) and (8)
reveal that the direct axis current component depends more on
quadrature axis voltage V__ rather than direct axis voltage
V_..

However, i1 line resistance 1s considered, the power rela-
tionship of (7) and (8) needs to be modified. Under such
conditions, the current transterred between the grid and the

converter 1s

Vs — VEGHF
‘" R+jX;

Vs - Vcd _jvﬂq
R+ jX;

(2)
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When applying (9) to the complex power equation, (10)
and (11) are obtained, which implies that the control of either
ofV_, orV_,can aftect both real and reactive power absorbed
from the grid. However, computer simulation studies demon-
strate that under the normal line impedance condition of
R<X;, V. 1s more eftective for reactive power or 1, control
and V__1s more eftective for real power or 1, control. In other
words, present converter control technologies are unable to
control the DC link voltage and reactive power eflfectively,
which could 1) reduce maximum power capture capability of
variable-speed wind turbines, 2) reduce wind turbine effi-
ciency, 3) increase losses 1n electric power systems, and 4)
alfect electric power system stability and reliability. It 1s also
to be appreciated that the real power absorbed by the grid-side
converter 1s the real power absorbed from the grid minus the
power loss of the line as shown by (12).

[(Vs - Vcd)R - ch XL] (10)

P, = .
R + Xf

V-

[(Vs - Vﬂd)XL + ch R]
R? + X}

(11)

QS:VS'

PﬂC’HF:PS_IE'R (12)

Control Principle of the PWM Converter Control

A control principle according to the present invention 1s
developed based on optimal system performance consider-
ations. From FIG. 5, it can be seen that the real power
absorbed by the grid-side converter and the reactive power
absorbed from the grid are affected by both V_; and V_,
controls, and can be obtained from (13) and (14), respectively.

1 (13)

Pﬂﬂnw — R2 4+ Xz (_vad — va:zq + Rvsvﬂd - XLVSVﬂq)
L
1 . (14)
Qs = R2 + X2 (XLVS — X VsVeq + Rvsvﬂq)
L

I1 1t 1s assumed that a control goal of the grid-side converter
1s to maintain a constant dc-link voltage, 1.e., to keep the
power absorbed by the generator through the machine-side
converter (P, . )equal to the power absorbed by the grid-side
converter from the grnid (P__,.) (neglecting the converter
losses), and a secondary control goal 1s to keep the reactive
power absorbed from the grid as small as possible. Then, for
an active power need by the generator (P_,,,), the solution of
V., and V__ (within the maximum dc-link voltage require-
ment), that minimizes reactive power Q. and balances real
power betweenP__, andP_ ., becomesanonlinear program-

ming problem as 1illustrated below.

Minimize Qg = (XL VE = X ViVey + RV, V)

R? + X7
l , ,
R2 + XE (_Rvﬂd — Rvﬂq + RV V.4 — XLVchq) = ngn
SUbJ ect 10o: VE‘DHV = \/Vzd + Vz < Vdc_max
AR V53

In order to develop control approach for the nonlinear
programming problem, a stmulation can be performed, based
on FIG. 6, to investigate how V_,and V __ controls aftect the
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characteristics of real power absorbed by the grid-side con-
verter at point A and reactive power taken from the grid at the

point B i FIG. 6. FIGS. 7A-7C show the simulated charac-

teristics of the real and reactive power discussed above as well
as the amplitude of the grid-side converter voltage at point A
versus both V_, and V__1n a three-dimensional domain. The
figures demonstrate a parabolic relationship of the converter
real power versus V_; and V__ (FIG. 7A), and a linear rela-
tionship of the grid reactive power versus V_; and V__ (FIG.
7B), respectively. According to FIG. 7B, the largerare the V _,
positively and the V__ negatively, the smaller 1s the reactive
power absorbed from the grid by the grid-side converter and
the grid filter. However, the selection of V_; and V__ should
also consider the 1ssue for real power balancing between the
machine- and grid-side converters. From FIG. 7A, 1t 1s shown
that V_, can only take a small negative value for the consid-
eration of the real power balancing. The values otV _jandV_,
are also limited by the DC link voltage set value. In other
words, when considering the limitation of the DC link volt-
age, the maximum allowable values for V_,and V__ are even
smaller. Therefore, 11 the reference DC link voltage 1s set at a
low value, 1t may be impossible to achieve reactive power
control goal such as a reference reactive power set value.
These factors are considered when designing the controller
tor the grid-side PWM converter control.

In summary, control principles for the PWM grid-side con-
verter include: 1) From reactive power compensation point of
view, the larger are the V_, positively and V__ negatively, the
smaller 1s the reactive power absorbed by the grid-side con-
verter and grid filter from the grid. 2) From real power bal-
ancing point of view, however, V_;and V__ should take such
values that can balance the real power between the machine-
and grid-side converters. 3) From dc-link voltage point of
view, the amplitude of the converter injected voltage should
be less than v, /2V2, where V ,_is the dc link voltage. And, 4)
V., should be used for real power control and V_, should be
used for reactive power control. Those factors are considered
when designing the grid-side converter controller in order to
achieve the objectives of maintaining a constant DC link
voltage and compensating reactive power.

Control Approach for PWM Converter Control

The control approach 1s based on the control principles and
regularities discussed above. The development of the con-
verter control system has adopted the technologies and con-
cepts including 1) fuzzy control, 2) adaptive control, and 3)
conventional HD control.

The embodiments according to the present invention are
also different from present grid-side converter control tech-
nologies i at least the following aspects. 1) The present
orid-side converter control technologies use d-axis voltage,
V 4 Tor DC link voltage control and g-axis voltage, V__, for
reactive power control. But, this invention uses V__ for DC
link voltage control and V _, for reactive power control. 2) In
the present technologies of the grid-side converter control, the
d-q voltage control signals, V_, and V__, are obtained by
comparing the d- and g-current set points to the actual d- and
g-currents to the grid as shown i FIG. 2. In embodiments
according to this invention, the g-axis control voltage, V__, 1s
obtained directly by comparing DC link voltage reference
value to the actual measured DC link voltage; and the d-axis
control voltage, V_ ., 1s obtained directly by comparing reac-
tive power reference value to the actual measured reactive
power as shown 1n FIG. 3. And, 3) The generation of the d-q
control voltages also considers the nonlinear programming
principles discussed above, and use an error driven and modi-
fication approach.
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A block diagram of an embodiment of a control system
according to an embodiment of the present invention 1s shown
in FI1G. 8, which 1s comprised of a DC link voltage controller
and a reactive power controller. FIG. 9 presents an integrated
transient simulation system for the PWM converter control
which includes 1) machine-side converter, 2) grid-side con-
verter, 3) open-loop control for machine-side converter, and
4) close-loop control for grid-side converter. The pertor-
mance of embodiments of the control approach according to

the present invention are compared with traditional control
approaches and demonstrated in FIGS. 10A-10D for a set

value of 500V for the DC link voltage.

Example/Simulation

As shown above, the power absorbed or released by the
grid-side converter dependsontheV_,andV__ components of
the converter injected voltage. To maintain a constant dc-link
voltage, the power passed to the machine-side converter
should equal to the power delivered to the grid from the
orid-side converter when neglecting the converter losses.
Thus, while real power flows from the generator to the
machine-side converter, the grid-side converter should be
operated as an inverter and controlled 1n such a way as to
deliver the same amount of real power to the grid. While real
power flows from the machine-side converter to the genera-
tor, the grid-side converter should be operated as a rectifier
and controlled 1n such a way as to receive the same amount of
the power from the grid. Therefore, 1n order to examine the
real power output at the grid-side converter against the input
power at the machine-side converter but the reactive power
compensation at the grid side, it 1s appropriate to ispect the
real and reactive powers before and after the line impedance,
respectively, 1n FIG. 6. But, this would be challenging to
examine when line resistance 1s considered, making simula-
tion valuable for the analysis.

The power transfer characteristics of the grid-side con-
verter are investigated through simulation based on FI1G. 6, 1in
which the grid side voltage, V , 1s taken as the reference and
the amplitude and angle of the converter output voltage,
V__ ., varies because of the d-q control as shown 1n FIGS. 3
and 3.

A. Power Characteristics by V _ , Controls

The simulation-based analysis corresponding to V _, con-
trol here represents a condition of vaniable V_ ,, but constant
V.- The line reactance used in the simulation s X ;=0.063 pu.
FIGS. 11A and 11B present typical real and reactive power
characteristics as the V_ , component of the converter injected
voltage changes from —-1.5to 1.5 p.u. while the V__1s fixed at
0 p.u. for several line resistance conditions. Simulation analy-
s1s for different values of R under similar V_; and V__ condi-
tions demonstrates the following regularities.

1) When R<<X,, the converter real power 1s almost zero
and 1s almost not atfected by V _ , but its reactive power varies
from inductive to capacitive as V_, changes from V__<V _to
V _ >~V _. Inother words, unlike traditional understanding [ 10-
15],V_ 1s only helptul in controlling reactive power absorbed
from the grid when R<<X,, implying that the V , control as
shown 1n FIG. 5 and (5) cannot effectively modity I, and real
power as required by (3). This result also agrees with (7) and
(8).

2) When R 1increases, the effectiveness of reactive power
control by V _ , decreases (F1G. 11B) and V _, involves in real
power controls too (FIG. 11A). This result may cause a false
understanding, especially for design and evaluation of a con-
troller through transient simulation and laboratory transient
experiments, that modifying V_, 1s good for real power con-

trol.
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B. Power Characteristics by V__ Controls

Unlike V_, control, the control ot V__ atfects the converter
power characteristics differently. FIGS. 12A and 12B present
typical real and reactive power characteristics as the V_,
component of the converter injected voltage changes
from -1.5to 1.5 p.u. whilethe V_ ,1s fixed at O p.u. for several
line 1impedance conditions. Various simulation studies for
different values of R under similar V_; and V__ conditions
illustrate the following regularities.

1) As R<<X,, the converter reactive power keeps almost
constant but 1ts real power varies from absorbing to generat-
ing while V__ changes from a negative value to a positive
value. In other words, V__ 1s effective for active power control
but inelficient for reactive power control. This 1s also consis-
tent with the conclusions obtained from the analysis of (7) and
(8).

2) As R increases, however, the effectiveness of real power
control by V__ decreases (FIG. 12A) and V__ participates
reactive power controls too (FIG. 12B). The larger 1s the ratio
of R/X;, the more V_, can contribute to the reactive power
control. This result may lead to a design of using V__ tor
reactive power control. However, the high R/X; ratio may
cause more losses on the line.

C. Power Characteristics by Combined V_;and V__ Controls

As shown 1n FIGS. 3 and 3, the DFIG grid-side converter 1s
normally controlled through decoupled V_; and V __ controls
to compensate the drawbacks caused by the V_,orV __ control
alone as illustrated in V-A and V-B. Under the decoupled d-q
control condition, the real power absorbed by the grid-side
converter and the reactive power absorbed from the grid are
attected by both V_; and V__. It 1s therefore important to
investigate the impact of the decoupled d-q controls, based on
FIG. 6, on the characteristics of real power at the grid-side
converter and reactive power taken from the grid through
simulation.

The simulation study for the combined V_,and V _, control
i1s investigated in two ways: 1) keeping V__ constant for sev-
eral different values and examining real and reactive control
characteristics versus V_, for each constant value ot V__, and
2)keepingV _ , constant for several different values and exam-
ining real and reactive control characteristics versus V__ for
each constant value of V_ . The line resistance and reactance
used 1n the simulation are 0.016 p.u. and 0.063 p.u., respec-
tively.

FIGS. 13A and 13B show, for several constant V__ values,
how the real and reactive power characteristics change as 'V _
varies, and FIG. 14 shows, for several constant V_, values,
how the real and reactive power characteristics alter as V
varies. From the analysis of both figures when considering the
normal condition of X,>R, the following conclusions are
obtained.

1) When increasing V_, negatively, the converter real
power versus V _, characteristics shifts upward (FIG. 13A),
meaning that the converter can be controlled to meet more
generator real power consumption need.

2) While increasing V__ positively, the converter real power
versus V _, characteristics shifts downward (FIG. 13A). When
the characteristic curve 1s shifted below zero real power line,
the converter can only be controlled to deliver real power to
the grid and the generator has to generate the same amount of
real power supplied to the machine-side converter under such
the condition in order to keep the dc-link voltage constant.

3) Moditying V__ only results in minor change of reactive
power versus V _, characteristics (FIG. 13B), implying that
V., 18 less effective tfor reactive power control.

4) When 1ncreasing V _, negatively, the converter reactive
power versus V__ characteristics shifts upward (FIG. 14B),
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meaning that under the same value of V
absorbs more reactive power from the grid.

5) While increasing V _, positively, the converter reactive
power versus V__ characteristics shifts downward (FIG. 14B),
meaning that the converter absorbs less reactive power from
the grid or even to a point of leading power factor.

6) Modification of V_, only causes minor alteration of real
power versus V__ characteristics (FIG. 14A), implying that
V . 1s less eflective for real power control.

In summary oftheV_,andV__ controls, when considering the
line resistance, the following conclusions are obtained: 1)
From a reactive power compensation point of view, the larger
are the V_; positively and V__ negatively, the smaller 1s the
reactive power absorbed by the converter from the gnd

(FIGS. 13B and 14B); 2) From the real power point of view,

however,V_,andV __should take such values that can balance
the real power between the machine- and grid-side convert-
ers; and, 3) from a dc-link voltage point of view, the amplitude
of the converter injected voltage should be less than
Ve maxs! 2V2, where V 1s the maximum allowable dc
link voltage set value.
Computer or Computing Device

In the preferred embodiments referenced herein, a “com-
puter,” “computing device,” “controller,” or “server” may be
referenced such that steps of the control process may be
performed by such computer and the control system can
Incorporate a computer or processor or a computer may be
utilized in performing a simulation of the control systems and
methods described heremn. Such computer may be, for
example, a mainframe, desktop, notebook or laptop, a hand
held device such as a data acquisition and storage device, or 1t
may be a processing device embodied within another appa-
ratus such as, for example, a processor icorporated into
telephonic system such as a private branch exchange (PBX)
system or network devices having processors. In some
instances the computer may be a “dumb” terminal used to
access data or processors over a network such as the Internet.
Turning to FIG. 15A, one embodiment of a computing device
1s 1llustrated that can be used to practice aspects of the pre-
ferred embodiment. In FIG. 15A, a processor 1, such as a
microprocessor, 1s used to execute software instructions for
carrying out the defined steps. The processor receirves power
from a power supply 17 that also provides power to the other
components as necessary. The processor 1 communicates
using a data bus 5 that 1s typically 16 or 32 bits wide (e.g., in
parallel). The data bus 5 1s used to convey data and program
instructions, typically, between the processor and memory. In
the present embodiment, memory can be considered primary

memory 2 that 1s RAM or other forms which retain the con-
tents only during operation, or 1t may be non-volatile 3, such
as ROM, EPROM, EEPROM, FLASH, or other types of
memory that retain the memory contents at all times. The
memory could also be secondary memory 4, such as disk
storage, that stores large amount of data. In some embodi-
ments, the disk storage may communicate with the processor
using an I/0 bus 6 instead or a dedicated bus (not shown). The
secondary memory may be a floppy disk, hard disk, compact
disk, DVD, or any other type of mass storage type known to
those skilled in the computer arts.

The processor 1 also communicates with various peripher-
als or external devices using an I/O bus 6. In the present
embodiment, a peripheral I/O controller 7 1s used to provide
standard interfaces, such as RS-232, RS422, DIN, USB, or
other interfaces as appropriate to interface various mput/out-
put devices. Typical input/output devices include local print-
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ers 18, a monitor 8, a keyboard 9, and a mouse 10 or other
typical pointing devices (e.g., rollerball, trackpad, joystick,
etc.).

The processor 1 typically also communicates using a com-
munications I/O controller 11 with external communication
networks, and may use a variety of interfaces such as data
communication oriented protocols 12 such as X.25, ISDN,
DSL, cable modems, etc. The communications controller 11
may also mcorporate a modem (not shown) for interfacing,
and communicating with a standard telephone line 13.
Finally, the communications 1/O controller may incorporate
an Ethernet interface 14 for communicating over a LAN. Any
ol these interfaces may be used to access a wide area network
such as the Internet, intranets, LANSs, or other data commu-
nication facilities.

Finally, the processor 1 may communicate with a wireless
interface 16 that 1s operatively connected to an antenna 15 for
communicating wirelessly with another device, using for
example, one of the IEEE 802.11 protocols, 802.15.4 proto-
col, or a standard 3G wireless telecommunications protocols,
such as CDMA2000 1x EV-DO, GPRS, W-CDMA, or other
protocol.

An alternative embodiment of a processing system that
may be used 1s shown 1n FIG. 15B. In this embodiment, a
distributed communication and processing architecture is
shown 1volving a server 20 commumnicating with either a
local client computer 26a or a remote client computer 265.
The server 20 typically comprises a processor 21 that com-
municates with a database 22, which can be viewed as a form
of secondary memory, as well as primary memory 24. The
processor also communicates with external devices using an
I/0 controller 23 that typically interfaces with a LAN 25. The
LAN may provide local connectivity to a networked printer
28 and the local client computer 26a. These may be located 1n
the same facility as the server, though not necessarily 1n the
same room. Communication with remote devices typically 1s
accomplished by routing data from the LAN 25 over a com-
munications facility to a wide area network 27, such as the
Internet. A remote client computer 26b may execute a web
browser, so that the remote client 266 may interact with the
server as required by transmitted data through the wide area
network 27, over the LAN 25, and to the server 20.

Those skilled 1n the art of data networking will realize that
many other alternatives and architectures are possible and can
be used to practice the preferred embodiments. The embodi-
ments 1llustrated in FIGS. 15A and 15B can be modified in
different ways and be within the scope of the present mven-
tion as claimed.

CONCLUSION

The above represents only a few examples of how a par-
ticular system might be implemented. There are numerous
variations and additional features and capabilities that might
be included 1n other variants.

The above examples are put forth so as to provide those of
ordinary skill in the art with a complete disclosure and
description of how the compounds, compositions, articles,
devices and/or methods claimed herein are made and evalu-
ated, and are intended to be purely exemplary of the invention
and are not intended to limit the scope of what the inventors
regard as their invention.

Throughout this application, various publications and/or
standards may be referenced. The disclosures of these publi-
cations 1n their entireties are hereby incorporated by refer-
ence into this application 1n order to more fully describe the
state of the art to which this invention pertains.
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It will be apparent to those skilled 1n the art that various
modifications and variations can be made in the present
invention without departing from the scope or spirit of the
invention. Other embodiments of the invention will be appar-
ent to those skilled in the art from consideration of the speci-
fication and practice of the invention disclosed herein. It 1s
intended that the specification and examples be considered as
exemplary only, with a true scope and spirit of the invention
being indicated by the following inventive concepts.
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What 1s claimed 1s:
1. A method of controlling a varniable-speed wind-turbine
comprising:

providing an AC/DC/AC PWM frequency converter com-
prised of a machine-side self-commutated PWM con-
verter, a DC-link, and a grid-side self-commutated
PWM converter, wherein the machine-side self-commu-
tated PWM converter 1s operably connected to the wind
turbine and the grid-side self-commutated PWM con-
verter 1s operably connected to an electrical grid and the
DC-link interconnects the machine-side self-commu-
tated PWM converter and the grid-side self-commutated
PWM converter:;

providing a control system operably connected to the
AC/DC/AC PWM f1frequency converter, wherein the
control system 1s comprised of a DC-link voltage con-
troller and a reactive power controller;

providing a g-axis control voltage, Vcq, to the control
system, wherein Vcq 1s used by the DC-link voltage
controller to control voltage of the DC-link and Vc¢q 1s
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determined by comparing a DC-link voltage reference
value to a measured DC-link voltage value;

providing a d-axis control voltage, Vcd, to the control

system, wherein Vcd 1s used by the reactive power con-
troller to control reactive power absorbed from the elec-
trical grid by the grid-side self-commutated PWM con-
verter and Vcd 1s determined by comparing a reactive
power reference value to a measured reactive power
value; and

injecting, by the grnid-side self-commutated PWM con-

verter, a voltage into the electrical grid, wherein the
injected voltage is less than V , /2V2, where Vdc is the
measured DC-link voltage value.

2. The method of claim 1, wherein the larger the Vcd 1s
positive and the larger the Vcq 1s negative, the smaller 1s the
reactive power absorbed from the electrical grid by the gnd
side self-commutated PWM converter.

3. The method of claim 1, wherein Vcq 1s used for real
power control of the wind turbine and Vcd 1s used for reactive
power control of the wind turbine.

4. The method of claim 1, wherein the control system
comprises fuzzy logic control, adaptive logic control, PID
control technologies, or combinations thereof.

5. A system for controlling a variable-speed wind-turbine
comprising;

an AC/DC/AC PWM {Irequency converter comprised of a

machine-side self-commutated PWM converter, a DC-
link, and a grid-side self-commutated PWM converter,
wherein the machine-side self-commutated PWM con-
verter 1s operably connected to the wind turbine and the
orid-side self-commutated PWM converter 1s operably
connected to an electrical grid and the DC-link intercon-
nects the machine-side self-commutated PWM con-
verter and the grid-side self-commutated PWM con-
verter; and

a control system comprised ol a DC-link voltage controller

and a reactive power controller operably connected to
the AC/DC/AC PWM frequency converter,
wherein the DC-link voltage controller compares a DC-
link voltage reference value and a measured DC-link
voltage value and determines a g-axis control voltage,
Vcq, where Veq 1s used by the DC-link voltage control-
ler to control voltage of the DC-link,
wherein the reactive power controller compares a reactive
power reference value to a measured reactive power
value and determines a d-axis control voltage, Vcd,
where Vcd 1s used by the reactive power controller to
control reactive power absorbed from the electrical grid
by the grid-side self-commutated PWM converter,

wherein the grid-side self-commutated PWM converter
injects a voltage 1nto the electrical grid, and the 1njected
voltage is less than 'V, /2V2, where Vdc is the measured
DC-link voltage value.

6. The system of claim 5, wherein the larger the Ved 1s
positive and the larger the Vcq 1s negative, the smaller 1s the
reactive power absorbed from the electrical grid by the grid-
side self-commutated PWM converter.

7. The system of claim 5, wherein Vcq 1s used for real
power control of the wind turbine and Vcd 1s used for reactive
power control of the wind turbine.

8. The system of claim 5, wherein the control system com-
prises Tuzzy logic control, adaptive logic control, PID control
technologies, or combinations thereof.
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